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1. INTRODUCTION 

Due to the high demands on higher frequency range, the International Telecommunication Union 
(ITU) released recently a new broadcasting bands operating at 21.4-22 GHz for region 1 and region 3 [1]. 
Tropical countries such as Malaysia that is located in ITU region 3 experience many of heavy rain events 
during the year. This will cause a huge attenuation to the satellite signal during the raining events [2]. In 
order to mitigate the signal degradation, either a large fade margin should be included in the transmission 
system or a mitigation technique should be applied. It is not a practical way to include a large fade margin in 
link budget. Thus, using a mitigation technique is more significant to overcome the signal strength 
degradation. 

Several fade mitigation techniques have been proposed in the open literature to handle the signal 
attenuation during rain in tropical region. Techniques such as power control [3], site diversity [4], [5] 
frequency diversity [6], [7] and time diversity [8] show a promising result. However, the time diversity 
technique considered the most attractive in terms of implementation cost and efficiency for non real time 
satellite applications. The main drawback of time diversity technique is that it is not applicable for real time 
applications. However, using this technique will significantly eliminate the rain attenuation and compensate 
the satellite signal. Considering that, the same signal needs to be delivered again in a better channel 
conditions than the first signal. Therefore, a propagation mid-term prediction model is required to accurately 
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determine the best signal condition to deliver the message for the second time. Some studies have been 
conducted around the world and a few in tropical regions to evaluate the time diversity technique. Some of 
these studies are based on direct approach for data collected from satellite beacon signal, while other studies 
are based on indirect approach based on data converted using prediction formula. 

In temperate region, the time diversity technique has been evaluated and a statistical time diversity 
gain model has been proposed at 18.7 GHz [9]. The proposed model is a function of time delay, frequency 
and rain attenuation. The model was developed based on simulation data extracted using the synthetic storm 
technique. The proposed time diversity gain model in [10] is based on the lognormal joint probability density 
function. The Authors assumed that the rain attenuation as a function of time is following the lognormal 
distribution. Then, a dynamic rain attenuation parameter has been proposed to calculate the time diversity 
gain at frequencies between 12 to 50 GHz. The same data were used in [11] to propose another model based 
on time correlation of the attenuation Complementary Cumulative Distribution Function (CCDF). The CCDF 
parameters are found to be dependent on elevation angle and local climatology. Moreover, a new 
computation method of rain attenuation CCDF based on Maseng-Bakken stochastic dynamic model is 
presented in [12]. In tropical regions, a prediction model is proposed based on measured satellite beacon 
signal at 12 GHz in Malaysia; this model leads to find time diversity gain. The proposed empirical formula is 
a function of time delay [7]. 

In this paper, the time diversity technique has been evaluated using beacon data obtained via 
SUPERBIRD-C satellite at University Science Malaysia (Universiti Sains Malaysia), USM in Penang, 
Malaysia. The measurements are at 12.255 GHz frequency. 


2. TIME DIVERSITY CONCEPT 

In order to make the time diversity technique viable, ground precipitation information for target 
areas should be available to allow for the determination of attenuation occurrence. Such weather information 
is collected by ground stations and propagated to participating parties that include gateway and broadcast 
stations. Sever rain attenuation, detected in target areas, will trigger the application of time diversity in 
participating gateways. The range of time diversity can vary from 1 minute to more than | hour, and the same 
information is retransmitted. 

Time diversity will put processing and memory burdens on the receivers where in some instances a 
considerable processing time is needed. Memory is also required for storage of received data prior to 
processing it. The final version of the transmitted information is then assembled by the receiver from the two 
received sets by combing the clearest segments from each. It is a clear, the technique of time diversity is 
suitable for applications such as data transfer process that need not until the rain fades before they get the 
particular information. 

The complementary cumulative distribution function of rain attenuation conditioned to the time 
delay can be used to estimate the performance of time diversity as follows [11]: 


P(A) = P[A(t) > A,,, A(t) > Ay] (1) 


A(t)refers to rain attenuation without time delay, while dt is defined as a time diversity delay and 
A(ot)refers to rain attenuation shifted of dt. Also, Ath is defined as an attenuation threshold on the used link. 
Equation (1) can be re-written as follows: 


P(A) = P[min(A(t) > A 


th? 


AS) > Ay 6 


This represents the time of percentage exceeded for minimal rain attenuation. Therefore, the signal 
of satellite to earth will be subjected to minimal rain attenuation as a result of using time diversity technique 
and is expressed by the model. 


Arp = min[ A(t), A()] (3) 


There is a need to make a comparison of the original time series of attenuation and the same time 
series delay by given time interval in order to get the lowest attenuation value as explained in Equation (2). 
An illustrative example for the use of time delay technique is presented in Figure 1. An event of measured 
signal on the satellite-Earth link is applied. It is clear that the maximum attenuation of the signal without time 
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delay is about 28.24 dB, but after applying time diversity technique with time delay of 10 and 30 min, the 
maximum rain attenuation is 24.35 and 7 dB respectively. 
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Figure 1. An Example, which illustrates the use of time diversity technique in the signal of a satellite-Earth 
link for an event, measured at Penang-Malaysia on 9/8/2009. 


Time diversity gain is the value of the difference in dB between the cumulative distributions of rain 
attenuation of the communication signal and the same signal with defined time delay. Therefore, the time 
diversity gain is used to evaluate the time diversity as a fade mitigation technique for rain attenuation. Time 
diversity gain can be expressed statistically by the following equation. 


Grp = A(t) — Arp (4) 


where Grp is time diversity gain. 


3. DATA COLLECTION 

The receiver is located at University Science Malaysia (Universiti Sains Malaysia), USM (4.39° N, 
100.98°E) at a height above mean sea level of 57 m for receiving beacon measurement of the signal. The 
signal from the SUPERBIRD-C satellite transmitted at 12.255 GHz and an elevation angle of 40.1° was 
received. The size of antenna dish was 2.4 m and the low-noise block (LNB) was connected with the antenna 
to convert the ku-band to an intermediate frequency. The output of the LNB was connected to the indoor unit 
to process the signal for display. Readings were displayed by a personal computer, which was programmed to 
read the data in every second and average over one minute. The data were collected for 2 years over the 
period of 2008 and 2009. The average data availability was over 96 %. 


4. TIME DIVERSITY ESTIMATION 

The marginal distribution has a probability function or density function. Therefore, it can be found 
by the complementary conventional cumulative probability distribution function of the percentages of the 
exceeded value. The complementary cumulative distribution of rain attenuation time series for a satellite to 
earth link can be expressed as follows: 


P(A) = PIAC) > A] = f wl A@)|dA() 
A (5) 


where w(A)refers to the density function of rain attenuation and P( A)refers to its integral. The joint 
distribution for A(t) and A(t) is given by. 
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P[A(t) > A, A(ét) > A] = [[rta@, Adanada) 
AA (6) 


where y [A(t),A(6t)] represents the joint probability density function. 

Figure 2 and Figure 3 represent an example for Equations (5) and (6).The satellite signal is used to 
implement time diversity as a rain fade mitigation technique. Figure 2 and Figure 3 show considerable 
decrease in the attenuation for the same probability of exceedance as they illustrate the complementary 
cumulative distribution function of the rain attenuation. 


'— Time=0 min Tim 

|— Time=1 min a 

> | — Time=3 min tome 

č to" — Time=5 min $ 10 —Time=10 

3 F [— Time=10 min 8 ~~ Time=15 

3 — Time=15 min E —Time=20 

3 |— Time=20 min 2 —Time=30 

3 5 — Time=30 min é l —Time=60 
2 10° —Time=60 min E10; 
E ] a: 
w _ ? 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 0) 2 4 6 8 10 12 14 16 18 0 2 M 2% 8 3 
Rain attenuation (dB) Rain attenuation (dB) 

Figure 2. Measured rain attenuation at Penang Figure 3. Measured rain attenuation at Penang 

Malaysia for the year 2008 and complementary Malaysia for the year 2009 and complementary 
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Every curve corresponds to a specific time delay, while the red curve represents measured rain 
attenuation distribution before applying the time diversity technique. It is clear that there is an inverse 
relationship between the time delay and the level of attenuation exceeded for a given time percentage. For 
illustration, at 0.01 time percentage of , the rain attenuation level without applying time diversity technique is 
22.4 dB while, the rain attenuation level values are 20, 19, 17.8, 15.8, 14.3, 13.1, 12.3 and 11.5 dB with time 
diversity for time delays of 1, 3, 5, 10, 15, 20, 30 and 60 min respectively. 


5. TIME DIVERSITY GAIN ANALYSIS 

Time diversity gain refers to the difference between the attenuation levels of two versions of a 
received signal, separated by a time delay, at the same percentage of the total time. Thus, time diversity gain 
GTD is a function of the attenuation level A as well as the attenuation level with time delay ôt. According to 
Equation (4), Figure 4 and Figure 5 depict the diversity gain in attenuation exceeded for a fixed percentage of 
time. For example, at 0.01 time percentage, the diversity gain when applying time diversity technique is 2.3, 
3.6, 4.78, 6.6, 8.21, 9.1, 10.1 and 10.85 dB for time delays of 1, 3, 5, 10, 15, 20, 30 and 60 min respectively. 

It is clear that the gain increases for decreasing value of time percentage of rain attenuation. This 
goes back to a well-known fact that heavy rain events tends to be in a short time as compared to light rain 
events. This gives a very clear understanding of how to improve performance of mitigation techniques. 

Figure 4 and Figure 5 represent time diversity gain as a function of time delay, ôt. The first note 
worthy result is that the diversity gain increases with the increase in the value of time delay and rain 
attenuation, A without diversity. In addition, the most important observation is that the diversity gain 
increases rapidly as a function of time delay up to 20 min. This looks sensible because the most of the rainfall 
in tropical regions is characterized with short time period and high intensity. The increase tends to be slight 
for time delay of more than 20 min. Table 1 shows time diversity gain at 0.1% and 0.01% for 2008 and 2009. 
It is clear that the gain increases for increase time delay. 
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Figure 4. Complementary cumulative distributions of | Figure 5. Complementary cumulative distributions 
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Table 1. Time Diversity Gain 


At, min Grp 

0.1% 0.01% 0.001% 

2008 2009 2008 2009 2008 2009 

1 1.71 1.5 2.33 217 2.87 3 
5 3.1 3.13 4.33 4.42 5.38 5.3 
10 4.67 4.67 6.67 6.58 8.13 8 
15 5.83 5.46 8.13 7.58 9.88 9.3 
30 7.1 6.33 10.13 9.29 12.38 11 
60 7.63 7.1 10.67 10.21 13.08 12.4 


6. CONCLUSION 

Rain attenuation along earth-to-satellite link were measured for one-year period at 12.225 GHz in 
Malaysia. The time diversity mitigation technique was applied on measured rain fade to investigate the 
improvement in system. Time diversity gain was also estimated from measured one-minute rain attenuation 
for one year period as a function of rain attenuation levels and time delay. More than 6 dB and 8 dB gain 
were observed at 0.1% and 0.01% outages for 10 minutes delay time. This finding will be very useful for 
earth-to-satellite link designers to improve reliability by applying time diversity as a rain fade mitigation 
technique. 
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